■ INTRODUCTION
Macrophages are the main scavengers responsible for the clearance of particulate debris, fluid, and foreign substances in the immune system. 1,2 They exist on a continuum of phenotypes, 3 which arise from the different microenvironment cues present in the host. In response to signals derived from microbes, solute or activated lymphocytes, macrophages undergo polarization or reprogramming, 4 which leads to the expression of various cell-surface receptors for cellular uptake, cytokine and chemokine secretion profiles, and so on. For simplicity, we classify macrophages into two polarization states in our work: the inflammatory or classical activated M1 macrophages and anti-inflammatory or alternatively activated M2 macrophages. Tumor-associated macrophages are thought to be M2 cells, and present an attractive target for drug delivery in which alternatively activated macrophages could be reconditioned to destroy malignant cells. 5, 6 In principle, both material properties and the biological system are significant to regulating particle internalization. Material properties include both physical properties, such as particle size, shape, and deformability, and chemical properties, which depend on functional group. 7−11 Previous studies have shown that the geometry of the particles can have strong effects on phagocytosis. 7 Modeling studies on particle internalization have also demonstrated the effects of the cell cytoskeleton and ligand density on phagocytosis. 12−14 However, in these studies, a library of functional groups for understanding the effects on particle internalization was not evaluated. The impact of macrophage phenotypes on particle internalization was also not explored. Improved understanding of the relationship between material properties and the biological system is crucial to improve targeted drug delivery.
Rational design of polymers for drug delivery or tissue engineering remains a challenge that many researchers are attempting to overcome. 15, 16 One of the ways to improve rational design would be through mathematical models generated by QSAR as has been recently applied to biomaterials. 17−19 This method allows for modeling linear relationships between alternative activation of complement with multiple surface modifier parameters, thus, allowing for an understanding as to which material properties influence the measured value. As a temperature-responsive "smart" polymer, poly(Nisopropylacrylamide) (pNIPAm) has been extensively studied for applications in drug delivery due to its biocompatibility and its phase transition at 32−34°C that results in a volume decrease, allowing for ease of drug loading. 20, 21 Here, we synthesized p(N-isopropylacrylamide-co-acrylic acid) (p-(NIPAm-co-AAc)) particles and modified them with 13 different functional groups to investigate the effects of chemical moieties on particle internalization in M1, M2, and naïve macrophages. We use LPS and IL-4 to induce M1 and M2 macrophages, respectively. Correlations between particle internalization and material properties were examined.
MATERIALS AND METHODS
A total of 13 chemically unique functional groups were coupled to polymers to assess how they affect macrophage activation. All experiments had at least three replicates, error bars indicated the standard deviation, and results were expressed as a percentage of positive controls. The unmodified p(NIPAm-co-AAc) particles served as the positive controls for all experiments, unless otherwise stated. All materials were purchased from Sigma and used as received, unless otherwise indicated. Fresh deionized water (Milli-Q, Thermo Scientific Nanopure) was used all through this study. Surface modifiers that were coupled to p(NIPAm-co-AAc) particles were 3-butenylamine (Santa Cruz Biotechnology); 1,4-dioxan-2-ylmethanamine; glycidamide; 4-amino-3-penten-2-one; malonamide (Fisher); tert-butyl 4-aminobutanoate (VWR); aminoacetaldehyde dimethyl acetal (Alfa Aesar); 3-aminobenzamide oxime; 2,4-dinitrophenyl-hydrozylamine; 1-amino-4-oxocyclohexanecarboxylic acid ethylene ketal; 2-aminoethylmethylsulfone hydrochloride; 3-amino-1-propanesulfonic acid (Fisher); and aminomethylphosphonic acid (Alfa Aesar).
2.1. Polymer Synthesis. 2.1.1. p(NIPAm-co-AAc) Particle Synthesis. NIPAm (2.4 g), N,N-methylenebis(acrylamide) (0.16 g), and 157 μL of AAc (J. T. Baker) were dissolved in 100 mL of water and stirred under nitrogen in a 250 mL round-bottom flask for 30 min at 70°C, well above the lower critical solution temperature for pNIPAM. Then, 200 mg of potassium persulfate was dissolved in 10 mL of distilled water and added to the flask via a syringe. After 4 h, the suspension was slowly cooled to room temperature, filtered with P5 grade filter paper, and dialyzed for 48 h in Milli-Q water. p(NIPAm-coAAc) particles were freeze-dried using a lyophilizer (Labconco, 4.5L).
2.1.2. Polymer Modification. In a 15 mL tube, 3 mL of phosphate buffered saline (PBS, diluted from 10× solution, Fisher Scientific to 0.1 M, pH 7.4), 6 mg of surface modifier (Figure 2 ), 0.6 mL of 5% w/v p(NIPAm-co-AAc) particles prepared above, and 60 mg of 1-ethyl-3(3-(dimethylamino)propyl) carbodiimide hydrochloride were vortexed and incubated overnight at room temperature. This process was repeated for all 13 surface modifiers. The particles were dialyzed for 24 h and lyophilized. The particles were reconstituted at 1% w/v. In order to ensure that the modifications proceeded to the same % reaction, NMR was used to characterize the modified particles. The modified particles were dispersed in D 2 O. The 1 H spectra were recorded on a Bruker Avance III Spectrometer with a sweep width of 6602.1 Hz, a 90°pulse, and an acquisition time of 2.48 s. All spectra were taken at room temperature. A total of 16 repetitive scans with 64 k points were acquired and the data were processed in MNova with 128 k points, zero filling, and exponential line broadening of 1.0 Hz. The % modification of each functionalization was determined to be 54 ± 2% for all 13 reactions with the chemically unique surface modifiers.
2.2. Scanning Electron Microscopy. Samples for scanning electron microscopy (SEM) evaluation were flash frozen with liquid nitrogen. The samples were sputter coated with iridium prior to imaging. The samples were examined at various magnifications at an acceleration voltage of 8 kV using a FEI Quanta 250 FE-SEM.
2.3. Captive Air Bubble Contact Angle. All contact angles were measured for p(NIPAm-co-AAc) modified particles at room temperature. A total of 20 g NaOH pellets, 120 mL of 95% ethanol, and 80 mL of distilled water were mixed well and used as a cleaning solution. Slides were gently shaken for 2 h in the cleaning solution and washed by Milli-Q water for 30 min. Next, the slides were incubated in 150 mL of H 2 O, 200 mL of 1× PBS, and 35 mL of 0.05% w/v poly-L-lysine (PLL) for 30 min. The slides were washed again with Milli-Q water for 30 min before they were dried at 50°C in an oven.
Particle suspensions, 100 μL 1% w/v, were dried on the surface of PLL-coated slides at room temperature. A container was filled with distilled water and slides were completely immersed in water. A 100 μL aliquot of air was injected into the water to form an air bubble underneath the particle domain. The needle was carefully removed and the bubble was captured using a digital camera (Canon EOS Rebel T3i).
2.4. Zeta Potential. Milli-Q water was neutralized to pH 7 with HCl or NaOH to ensure that the ions in water would not interfere with the zeta potential of particles. A low salt concentration was confirmed by measuring conductivities <0.2 mS/cm. A 100 μL aliquot of 1% w/v of particles was added into 5 mL of water and zeta potential was measured with a Zetasizer Nano Z (Malvern).
2.5. DSC. Differential scanning calorimetry (DSC) measurements were made on Perkin 1 model (PerkinElmer Inc.). A nitrogen flow rate of 10 mL/min was used for all DSC experiments. Lyophilized samples were sealed into standard aluminum DSC pans. Modified p(NIPAmco-AAc) particles were tested by DSC under scanning mode from 0 to 300°C at a heating rate of 20°C/min. The endodermal peak gives the value of samples' melting temperatures.
2.6. Alternative Complement Activation. Alternative complement activation of the materials synthesized was assessed using the ASTM protocol F2065. Briefly, rabbit red blood cells (RBCs) were centrifuged and resuspended in ice-cold barbital buffered saline-gelatin ethylenediaminetetraacetic acid (BBS-G-EDTA) for a total of 2 times, followed by 3 additional washes in barbital solution supplemented with 4 mL EDTA and 254 mg MgCl 2 (BBS-G-EDTA/MG). The cells were then resuspended at 2.0 × 10 8 cells/ml in barbital solution supplemented with 51 mg MgCl 2 and 4 mg CaCl 2 (BBS-GM). p(NIPAm-co-AAc) particles were also washed 5 times in BBS-GM buffer. C4 deficient guinea pig serum was incubated with washed p(NIPAm-co-AAc) particles for 1h at 37°C. The particles were removed via centrifugation at 1000 g for 10 min. The serum was then added to washed RBCs for 1h at 37°C. Lysis of the RBCs was measured at 412 nm and percentage of lysis was calculated as = − -× %lysis test absorbance "no RBC" control absorbance total lysis absorbance 100
where the total lysis absorbance was RBCs incubated with DI water, the "no-RBC" control absorbance was BBS-G-EDTA/MG buffer incubated with serum that was not exposed to the material, and test absorbance was the RBCs exposed to serum incubated with the p(NIPAm-co-AAc) particles. 2.7. Fluorescent Particles. The polymer particles were mixed with FITC (Fluorescein, 1 mg/mL in dimethyl sulfoxide (DMSO, Fisher)) in a 1:1 volume ratio. Unmodified p(NIPAm-co-AAc) particles served as a positive control. After incubating for 2 days, all materials were centrifuged at 3000g for 5 min. The supernatant was carefully transferred into black 96-well plates (Thermo Scientific) to determine the FITC loading of the particles. The same amount of PBS was added to ensure that the concentration of particles was maintained at 0.125%. These particles were used for cell viability and particle internalization experiments. The standard curve was made through a serial dilution. An excitation/emission of 480/520 nm was used to evaluate the amount of FITC not loaded into the particles.
2.8. Cell Viability and Cellular Uptake. RAW 264.7 cells (ATCC) were cultured at 37°C with 5% CO 2 in Dulbecco's modified Eagle's medium (Thermo Scientific) supplemented with 10% fetal bovine serum, 100U/L penicillin, and 100 μg/mL streptomycin, to be referred to as complete media (CM). Cells (50000 cells/well with 100 μL of media in every well, except negative control) were seeded in black 96-well plates for 24 h with 25 ng/mL interleukin-4 (IL-4, eBioscience Inc.) or 5 μg/mL lipopolysaccharide (LPS). A control set of experiments was not activated, referred to as naïve cells. After incubating 24 h at 37°C, the media was carefully aspirated, and 50 μL of 0.125% w/v labeled p(NIPAm-co-AAc) particles and 50 μL of CM were added to each well and incubated for 4 h at 37°C.
For the cell viability, the media was aspirated and 10 μL of 5 mg/ mL (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and 100 μL of CM without phenol red were added to the plate and incubated for 2 h. The insoluble formazan crystals were dissolved in 100 μL DMSO after aspirating 85 μL of media. The optical density (OD) at 540 nm was measured using a plate reader (BioTek Synergy HT Multidetection Microplate Reader) with a reference at 690 nm. For cellular uptake, the particle suspension was removed via aspiration and the cells were immediately incubated with trypan blue (0.25 mg/mL), a common method for quenching extracellular or surface-bound FITC. 22 An excitation/emission of 480/520 nm emission was used to record the particle internalization. Fluorescent signals were normalized to the particle loading determined above.
2.9. Cell Imaging. Coverslips were washed in the same cleaning solution used for water contact angle experiments in section 2.3. The coverslips were incubated in the cleaning solution for 2 h and washed by Milli-Q water for 10 min. A washed coverslip was placed in 2 mL CM in a tissue culture-treated culture dish (Corning). Cells were seeded at a density of 500000 cells/mL for 24 h at 37°C. Cells were incubated with a 0.0625% w/v solution of FITC labeled particles for 4 h. Next, the coverslip was washed with trypan blue (0.25 mg/mL) for 1 min and cell images were obtained with a Floid cell imaging station (Life Technologies).
2.10. Statistics and Data Analysis. Statistical analysis was performed using XLSTAT statistical software. Statistical significance of the mean comparisons was determined by ANOVA. Differences were considered statistically significant for p < 0.05. Partial least-squares regression was performed on the material descriptor data set to determine the influence of material properties on particle internalization. The materials descriptors (Table 1) were developed based on descriptors defined by Bicerano. 23 3. RESULTS 3.1. Synthesis and Characterization. Upon synthesis of 600 nm p(NIPAm-co-AAc) particles (Figure 1) , the particles were coupled to the functional groups shown in Figure 2 via carbodiimide chemistry. The materials synthesized were characterized for their surface charge, hydrophobicity, and melting temperature. Figure 3A summarizes the zeta potential on various modified and unmodified p(NIPAm-co-AAc) particles. The zeta potential of unmodified p(NIPAm-co-AAc) particles is −11.0 ± 0.89 mV, which is comparable to previously reported values. 24 A wide range of zeta potential (−24.3 to 8.84 mV) results from changing the functional group of the particles. The water contact angles (WCA) of the materials synthesized here are shown in Figure 3B . WCAs of all particles were between 35°and 50°, which indicates they are hydrophilic materials. The melting temperatures for all particles were found to be in a range from 104 to 143°C ( Figure 3C ).
The bioactivity of the materials was also measured through alternative activation of complement. The particles synthesized were exposed to serum, which was subsequently used to lyse RBCs ( Figure 3D ). Particles that activate complement will deplete complement components from the serum, thus resulting in a decreased release of hemoglobin when the serum is exposed to RBCs. The % lysis for serum not exposed to the particles is shown and was 32.1 ± 1.1%. Alternative activation of complement measured by RBC lysis ranged from 4.8% to 29.4%.
3.2. Cell Viability. Materials must be cytocompatible for use as drug delivery vehicles. Particle cytotoxicity was determined by using an MTT cell viability assay. The viability of cells exposed to modified p(NIPAm-co-AAc) particles was expressed as a percentage of cell viability of unmodified p(NIPAm-co-AAc) particle (shown as control). At the concentration of modified p(NIPAm-co-AAc) particles used here, cells were all above 80% viability, indicating minimal cytotoxicity (Figure 4 ). These cytotoxicities are comparable with other polymeric nano-and microparticles. 6, 25 3.3. Particle Internalization with Activated and Naïve Macrophages. LPS activated macrophages internalized epoxide, ester, ether, and ketal-functionalized particles better than the other functional groups (p < 0.05; Figure 5A ). Alkene, amide, epoxide, ester, ketone, nitro, and oxime functionalized particles increased the internalization of the particles (p < 0.05) for IL-4 activated macrophages ( Figure 5A ). All other materials were statistically similar to the control. For naïve macrophages, all of the functionalized particles increased particle internal- In examining p(NIPAm-co-AAc) particle internalization, these polymeric microgels were characterized for their ability to activate complement. The complement system is a complex biochemical cascade that consists of over 25 proteins and peptides that acts to release cytokines and lyse cells. Complement can become activated when foreign materials come into contact with blood or tissue. This activation can ultimately lead to systemic responses such as the foreign body response or rejection of the material. This pathway is initiated by the hydrolysis of C3 to C3a and C3b. C3a is involved in chemotaxis, while C3b acts as an opsonin. Thus, the activation of complement by these particles can play a crucial role in phagocytosis, or internalization in general. Analysis of material properties (Table 1) and their effects on activating complement are shown in Figure 6 . Complement activation is measured after the materials are allowed to deplete serum complement components. Hence, a larger % lysis corresponds to a decreased activation of the complement components. This also means that material descriptors in Table  1 with a positive correlation with lysis have a negative impact on the alternative pathway of complement. Five material parameters were found to influence complement activation: WCA, number of CH 2 groups, the number of nitrogen atoms, the number of freely rotating bonds, and the number of sp 
The results for the statistics of the model were the following: squared regression coefficient, the predicted Y-variation, Q 2 Y = 0.829 and the explained Y-variation, R 2 Y = 0.871. Eriksson has stated that Q 2 Y > 0.5 is good and Q 2 Y > 0.9 is excellent. 26 Kubinyi has stated that R 2 ≥ 0.81 for in vitro data should be used to state that the data is good. 27 Additionally, the difference between R
2
Y and Q 2 Y should not be larger than 0.2−0.3 26,28 for a good fit.
Unsurprisingly, increasing the hydrophobicity of the materials synthesized here caused complement to hydrolyze (R = −0.767). This is in agreement with previous reports in which protein adsorption reaches a maximum at a WCA of ∼50°2 9 and complement is activated by hydrophobic materials. 30 The observation that increasing the number of CH 2 groups increases complement activation (R = −0.567) is inline with this observation since increasing the number of CH 2 groups will increase the number of aliphatic carbon chains, thus increasing the hydrophobicity of the material. The positive correlations between % lysis and nitrogen (R = 0.702) and with the number of freely rotating bonds (R = 0.420) indicate a decrease in complement activation. Increasing the number of nitrogen atoms may decrease the WCA. The number of freely rotating bonds is a measure of the mobility of the modifications, which have been previously shown to correlate with decreased complement activation. 31 The final correlation, the number of sp 2 carbon atoms, causes a decrease in complement activation (R = 0.730), suggesting that the double-bonded carbon does not hydrolyze complement. These findings and methodology for understanding how biomaterials impact complement activation have important implications for rational design of systems that seek to either avoid or trigger complement activation, such as vaccine design, 32 artificial organs, 33 and drug delivery systems. 34 
Targeted Delivery of p(NIPAm-co-AAc) Particles to Specific Macrophage Phenotypes through Exploiting
Material Properties. The influence of particle size and shape on internalization has been extensively studied. 7, 8, 35 The focus of this work was to examine the effects of different functional groups on different activated macrophages. Partial least-squares analysis was performed on the internalization of the surface modified polymers in LPS and IL-4 activated macrophages along with naïve macrophages ( Figure 5 ) and their material properties (Table 1) , as shown in Figure 7 . Using QSAR, a prediction of internalization for the different activations and naïve cells can be calculated as 
In building eq 3, the correlations between the material descriptors and the measured value were used to evaluate the importance of the descriptors and the measured internalization. Interestingly, different material descriptors impacted particle internalization dissimilarly for the three activations. Both naïve and LPS activated macrophages exhibited a slight positive correlation with WCA (R = 0.481 and 0.533, respectively). LPS-activated macrophages were very positively correlated with the number of hydrogen atoms (R = 0.727), the number of CH 2 groups (R = 0.739), and the total number of carbon atoms (R = 0.692), which likely contribute to the hydrophobicity/ hydrophilicity of the particle. N dc , a term that includes structural parameters or atomic correction terms, has a negative impact on LPS stimulated macrophages (R = −0.286) and a positive impact on the naïve cells (R = 0.246). The IL-4 activated macrophages also have a strong positive correlation with the number of sp 2 carbon atoms (R = 0.931), which is likely tied to the complement activation since this trend was observed for complement activation in Figure 6 . Complement activation was not included in the QSAR analysis of particle internalization for the three macrophage treatments since the goal was to develop a model for predicting internalization using material properties. The correlations were R = −0.345, 0.716, and −0.320 for the LPS, IL-4, and naïve macrophages. The negative correlation between % lysis for the LPS activated and naive macrophages is expected since complement forms opsonins when cleaved. 36, 37 The positive correlation between % lysis by complement for IL-4 actiaved macrophages indicates that internalization is increased when complement is not activated through the alternative pathway. It has been found that IL-10 protects cells from complement-mediated lysis, 38 which is up-regulated for IL-4 activated macrophages. 6 There are also correlations with the number of nitrogen atoms (R = 0.800) and N group (R = 0.600) for IL-4 stimulated macrophages. N group accounts for polar functional groups. This finding likely results from the increased surface charge on the particle surface, which is known to influence phagocytosis. 39−42 In a similar vein, more negatively charged particles also resulted in a higher likelihood of internalization by naïve macrophages (R = 0.251). This is not surprising since surface chemistry is known to influence opsonization, which ultimately activates the macrophage response. 43 Furthermore, surface charge has a significant impact on particle internalization. There was also a slight dependence on H-bond acceptors (R = 0.309).
A negative impact was observed from the melting temperature of the particles for the naïve macrophages only (R = −0.501), meaning that softer particles were more readily internalized. This is inline with previous findings that material rigidity plays a role in internalization by macrophages. In total, there are several parameters that are linked to specific macrophage phenotypes, implying that targeted delivery of macrophages can be achieved through exploiting material parameters. Specifically these parameters are melting temperature for naïve macrophages; increased sp 2 carbon atoms for IL-4 activated macrophages; and number of hydrogen atoms, number of carbon atoms, and number of CH 2 groups for LPS activated macrophages.
CONCLUSIONS
The material characteristics, particle internalization, and biochemical inhibitory data reveals interesting findings. First, the alternative complement pathway can be affected by hydrophobicity, the number of CH 2 groups, and the number of sp 2 carbon atoms. Second, distinct material parameters influence particle uptake for different macrophage phenotypes. Particle internalization of LPS activated macrophages can be engineered by changing the surface charge, the number of hydrogen atoms, and the number of 2°carbon atoms. Decreased complement activation and increased sp 2 carbon atoms positively impacts cellular uptake for IL-4 activated macrophages. Decreasing the melting temperature of polymeric particles can positively affect the naïve macrophage internalization process. The generalities uncovered in this work pave the way for rational design for drug delivery to distinct macrophage phenotypes. 
